Previous studies using chemical modification approach have shown the importance of arginine residues in bile salt activation of carboxyl ester lipase (CEL) activity. However, the x-ray crystal structure of CEL failed to show the involvement of arginine residues in CELbile salt interaction. The current study used a site-specific mutagenesis approach to determine the role of arginine residues 63 and 423 in bile salt-dependent and bile salt-independent hydrolytic activities of rat CEL. are not involved directly with monomeric bile salt binding. However, these residues participate in micellar bile salt modulation of CEL enzymatic activity through intramolecular hydrogen bonding with the Cterminal domain. These residues are also important, probably through similar intramolecular hydrogen bond formation, in stabilizing the enzyme in solution and at the lipid-water interface.
thesized to a limited extent by human monocyte-macrophages (3), endothelial cells (4), eosinophils (5) , and the liver (6 -8) .
The presence of CEL in such a wide range of tissues and organs suggests its broad physiological function in the body. Indeed, CEL has been shown to display wide substrate reactivities, ranging from the hydrolysis of fatty acyl ester bonds from cholesteryl esters, triglycerides, and lysophospholipids to the hydrolysis of fatty acyl amides liberating free fatty acids from ceramide (9, 10) . Hydrolysis of water-insoluble substrates such as cholesteryl esters and triglycerides by CEL is dependent on its activation by trihydroxylated bile salts; dihydroxylated bile salts are ineffective in CEL activation. In contrast, CEL hydrolysis of water-soluble substrates such as lysophospholipids can proceed in the absence of bile salt. Although bile salt activation of CEL activity has been shown to be a direct consequence of bile salt binding to the enzyme, the mechanism by which bile salt-CEL interaction modulates substrate reactivity has not been established.
Analysis of the primary sequence of rat (11) , human (12) (13) (14) , bovine (15) , mouse (16) , and rabbit (17) CEL shows that this enzyme is a member of the ␣/␤-hydrolase gene family, with a catalytic triad of Ser 194 , His 435 , and Asp 320 (18 -20) . One unique feature of CEL is a series of proline-rich repeating units immediately preceding a well-conserved 6-amino acid sequence at the C terminus of the protein. The number of these prolinerich repeats differs among CEL from various species, ranging from 3 repeats in the bovine CEL to 16 repeats in the human enzyme. Truncation mutagenesis studies revealed that deletion of these proline-rich repeating units resulted in a protein with lower K m and higher V max for cholesteryl oleate hydrolysis at reduced bile salt concentrations when compared with the native CEL (21) . These results suggested the potential role of the proline-rich repeats and the C-terminal domain in bile salt modulation of CEL enzymatic activity. Recent x-ray crystal structure analysis of the bovine CEL provided further support to this hypothesis (22, 23) . These latter studies revealed that CEL is different from other triglyceride lipases with the absence of an amphipathic helical lid covering the active site domain. In contrast, the C-terminal peptide was found to be lodged in the active site domain diverting the oxyanion hole away from the productive binding site and the catalytic Ser 194 (23) . The authors of the latter study suggested that bile salt binding to a site proximal to the catalytic triad will move the C-terminal peptide away from the active site, thus allowing easier access of the substrate. Crystal structure data of bovine CEL-taurocholate complex are consistent with bile salt interaction with a hairpin loop near the active site domain (22) .
Early studies using chemical modification approaches have identified the importance of tyrosine and arginine residues for CEL interaction with bile salts (24, 25) . Computer modeling of CEL structure has led to the suggestion of the involvement of Tyr 123 and Arg 63 in this process (26) . Although Tyr 123 is within the hairpin loop structure near the active site domain, thus consistent with its participation in bile salt activation of the enzyme, the involvement of Arg 63 in this process is not immediately obvious from the crystal structure data of the protein.
In contrast, Arg 63 was shown to be part of a positively-charged cluster located on the CEL surface (22) . This cluster, along with a second positive-charged cluster consisting of seven residues, including Arg 423 (22) , has also been proposed to facilitate the binding of micelles to CEL (22) . Thus, the role of Arg 63 and Arg 423 in modulating CEL enzymatic activities remains speculative. The goal of the current study is to use a site-specific mutagenesis approach to determine the functional significance of these two well-conserved residues in CEL activities.
EXPERIMENTAL PROCEDURES
Site-specific Mutagenesis-Mutagenesis was performed using the oligonucleotide-directed method described of Zoller and Smith (27) with Kunkel's modifications (28), as described previously (18 -21) . The design and exact sequences of the oligonucleotide primers used in this study are shown in Table I . The resultant clones were screened initially by restriction digestion. Potential positive clones were further analyzed by complete nucleotide sequencing of the CEL cDNA insert to verify that no additional mutations were made.
Isolation of Recombinant Adenovirus-A 2-kilobase cDNA fragment containing the entire coding region of either the wild type rat CEL, R63A mutant CEL, or R423G mutant CEL was isolated and then subcloned into the adenoviral transfer vector pQBI-AdBM5-PAG (Quantum Biotechnologies, Inc.), which has previously been linearized by PmeI digestion and dephosphorylated with alkaline phosphatase. This subcloning procedure effectively placed the CEL expression under the control of the adenoviral major late promoter 5. A transcription termination signal was provided by the human ␤-globin polyadenylation signal included in the transfer vector. Positive clones with vectors containing the wild type rat CEL, the R63A mutant, or the R423G mutant form of rat CEL were purified, linearized by digestion with EcoRI, and then used for transfection into human 293a kidney cells in the presence of the transfection reagent SuperFect (Qiagen). Recombinant adenoviruses that had undergone homologous recombination were identified by screening of isolated plaques. An aliquot of each culture medium was isolated for screening of CEL secretion by Western blot analysis using a rabbit anti-rat CEL antibody (29) . The medium in wells with the highest CEL titer was collected and stored at Ϫ80°C. Another aliquot of 50 l of the medium was used for further viral expansion in 293a cells maintained in T75 tissue culture flasks.
Purification of Recombinant CEL-Conditioned medium from recombinant adenovirus-infected 293a cells were collected and centrifuged at 3000 ϫ rpm for 15 min to precipitate insoluble material. The supernatant was then filtered through a 0.45-m Millipore filter, and 400 ml of the filtered medium was then applied to a 20-ml heparin-Sepharose column for affinity purification using the procedure as described (29) . The elution profile was monitored for protein concentration by absorbance at 280 nm and by CEL immunoreactivity with anti-rat CEL on Western blot (29) .
Fractions from the heparin-Sepharose column containing the CEL peak were pooled, concentrated, and further purified by gel filtration on a fast performance liquid chromatography Sephacryl-200 column equilibrated with 10 mM sodium phosphate, pH 6.6, 0.1 M NaCl, 1 mM EDTA, and 1.5% glycerol. Samples were collected in 2-ml fractions. The elution profile was monitored by absorbance at 280 nm and by CEL immunoreactivity with anti-CEL on Western blot. Fractions containing CELimmunoreactive proteins were pooled and concentrated. Protein concentration of the pooled fraction was determined by Lowry's method (30) . Purity was determined by SDS-polyacrylamide gel electrophoresis followed by Coomassie Blue staining.
Measurement of Enzymatic Activities of Wild Type and Mutant
Recombinant CEL-Enzymatic activities of the purified recombinant CEL were characterized by cholesteryl [ 14 C]oleate hydrolysis in the presence of 14.5 mM taurocholate and the hydrolysis of [1- 14 C]palmitoyl L-lyso-3-phosphatidylcholine in the absence of bile salt, using the exact procedures as described previously (18) . In experiments to measure bile salt protection of the enzyme against thermal denaturation, aliquots of 10 ng of wild type and mutant CEL were incubated with or without 5 mM taurocholate or deoxycholate at 50°C. The taurocholate concentration of each sample was then adjusted to 14.5 mM before measuring residual cholesteryl [ 14 C]oleate hydrolytic activity at 37°C. Circular Dichroism Measurements-Circular dichroism spectra of purified recombinant CEL were obtained by placing 0.1 mg/ml purified CEL in 10 mM sodium phosphate buffer, pH 7.2, with or without bile salt into a crystal cuvette with a 0.1-cm path length. The sample was then scanned at wavelengths from 250 to 185 nm using a Jasco J710 spectropolarimeter operating at room temperature as described (31) .
Enzyme Absorption to Lipid Surfaces-Previous studies have shown that the serine-reactive reagent diisopropyl fluorophosphate (DFP) reacts with a 1:1 stoichiometry with CEL (18, 32) . Although DFP modification results in enzyme inactivation (32) , DFP-labeled CEL retains its ability to bind lipid surfaces and can be absorbed onto the lipid surface at the water-lipid interface (33). Therefore, [ 3 H]DFP-labeled recombinant CEL was used to directly assess the lipid-interfacial binding properties of wild type and mutant CEL. The radiolabeled catalytically inactive wild type and mutant CEL were prepared by treating the enzymes with [ 3 H]DFP as described previously (18, 33, 34) . The specific radioactivity of each protein was calculated as dpm/g of protein.
Binding of [ 3 H]DFP-labeled recombinant CEL to lipid films was performed according to the modified procedure of Tsujita et al. (33) . During the adsorption assay, the surface tension was measured by the Wilhelmy method using a Cahn Model 27 microbalance from which was suspended a 24-gauge diameter nichrome wire (35) . The aqueous subphase (10 mM potassium phosphate, pH 6.6, 0.1 M NaCl) was contained in a circular Teflon trough 5.6 cm in diameter. Temperature control was achieved by mounting the trough on a thermostated base plate. Positioning of the microbalance and the Wilhelmy wire were controlled by a microprocessor-controlled stepper motor. Stirring of the circular aqueous compartment was precisely controlled at 60 rpm to minimize surface disturbance. Lipid dissolution and protein adsorption measurements were performed at 24°C in an atmosphere of humidified argon. The argon-buffer interface was cleaned by compression and aspiration, reducing the volume of the subphase to 24.4 ml. Sixteen l of 1,2-diolein dissolved in petroleum ether was spread slowly over the cleaned aqueous surface to give a final surface pressure reading of 25 mN/m. The solvent was allowed to evaporate, and 12 l of subphase buffer containing 3-4 Ci of [ 32 P]phosphate was introduced into the subphase by a microsyringe. An aliquot of [ 3 H]DFP-labeled enzyme was added to the subphase after 1 min. When the surface pressure increase reached the maximum, the Wilhelmy wire was removed, and the lipid film was collected by a hydrophobic filter paper (36) . The filter paper was airdried and cut into pieces for liquid scintillation counting. A 1-ml aliquot of the subphase was also collected to determine the amount of the subphase carried over onto the filter. The amount of enzyme adsorbed was determined by subtracting the amount of subphase carryover from the amount of enzyme bound on the filter paper.
RESULTS
Purification of Recombinant CEL-The wild type and the R63A-and R423G-mutagenized CEL expressed by recombinant adenovirus-infected 293a cells were isolated by heparinSepharose affinity chromatography using the procedure previously established for the isolation of CEL from recombinant Baculovirus-infected insect cells (29) . A notable difference was that this procedure did not result in purified CEL from the adenovirus expression system (Fig. 1) . However, purified protein with Ͼ90% homogeneity could be obtained by an additional gel filtration step with a Sephacryl 200 fast performance liquid chromatography column (Fig. 2) . No difference in column elution profile was observed between the wild type and either mutant forms of CEL (data not shown).
Catalytic Activities of the Recombinant CEL-The purified wild type and mutagenized recombinant CEL were characterized based on the bile salt-dependent hydrolysis of cholesteryl (Fig. 3) . Analysis of the enzyme kinetics data revealed that the major difference between the mutants and the wild type enzyme was the k cat value for cholesteryl oleate hydrolysis, with the R63A and R423G CEL displaying 5-and 11-fold lower k cat than that of the native wild type enzyme, respectively (Table II) . No significant difference in the K m value for cholesteryl ester hydrolysis was observed between the wild type and the R63A and R423G mutant enzymes (Table II) .
In contrast to the results of cholesteryl ester hydrolysis, the bile salt-independent lysophospholipase activity of CEL was found to be enhanced by mutagenesis of the arginine residues in positions 63 and 423 to alanine and glycine, respectively (Fig. 4) . The R63A mutant CEL displayed a 6.5-fold increase in k cat value for lysophosphatidylcholine hydrolysis, whereas the k cat value for the R423G mutant was 2-fold higher than that for the wild type recombinant CEL (Table II) . The two mutant CEL also differed from wild type CEL in K m values for their lysophospholipase activity with the R63A mutant displaying a 6-fold increase, whereas the R423G mutant had a 3-fold decrease in K m (Table II) . 
FIG. 2. Gel filtration chromatography of recombinant CEL.
Fractions eluted from the heparin-Sepharose column that contained CEL immunoreactivity were pooled, concentrated, and then applied to a Sephacryl 200 fast performance liquid chromatography column that had previously been equilibrated with buffer containing 10 mM sodium phosphate, pH 6.6, 0.1 M NaCl, 1 mM EDTA, and 1.5% glycerol. The sample was eluted in the same buffer and collected in 1-ml fractions. The protein profile was monitored based on absorbance at 280 nm (q). An aliquot of each fraction was subjected to SDS-polyacrylamide gel electrophoresis and Western blotting with anti-rat CEL. The inset shows the Coomassie Blue staining of the gel. Fractions 25-31 contained a single protein band and displayed significant anti-CEL immunoreactivity. Thermal Inactivation-A well established characteristic of bile salt-CEL interaction is bile salt protection of the enzyme against thermal inactivation. Therefore, this unique property was evaluated with the R63A-and R423G-mutagenized CEL to assess the possible involvement of these residues in bile salt interaction. The results revealed that the cholesteryl oleate hydrolytic activity of wild type CEL as well as the residual enzyme activity of the R63A and R423G mutant enzymes were abolished after 10 -20 min of incubation at 50°C in the absence of bile salt. The presence of 14.5 mM taurocholate in the incubation mixture significantly reduced thermal inactivation of the wild type CEL, with 80% of the cholesteryl ester hydrolytic activity remaining after 1 h of incubation at 50°C (Fig. 5) . Taurocholate also protected the R63A mutant CEL against thermal inactivation, albeit not to the same extent as that for the wild type enzyme, with approximately 50% of the original enzyme activity remaining after 1 h of incubation at 50°C (Fig.  5) . In contrast, the presence of bile salt did not confer protection on the R423G mutant CEL against thermal inactivation, with total loss of enzyme activity after 20 min of incubation at 50°C (Fig. 5) .
Circular Dichroism Studies-In addition to stimulation of cholesteryl ester hydrolytic activity, primary bile salt has also been shown to induce conformational changes in CEL (31) . The decrease in bile salt protection against thermal inactivation of the R63A and R423G mutant CEL suggested that these mutations may have altered the conformation of CEL in the presence and/or the absence of bile salt. Circular dichroism spectroscopy was performed to test these possibilities. The results showed that the mutagenized CEL displayed similar spectra as the wild type CEL when measurements were made in the absence of bile salt (Fig. 6A) . Consistent with the circular dichroism data of CEL purified from rat pancreas (31), all three recombinant proteins showed negative transitions at 220 and 210 nm and positive maximum at 200 nm (Fig. 6A) . These results indicated the high ␣-helical content of all three proteins. When the circular dichroism spectra were measured in the presence of 10 M taurocholate, increases in the mean residue ellipticity values were observed for wild type and R63A-and R423G-mutagenized CEL (Fig. 6, B-D) .
Lipid Monolayer Binding Studies-The impact of R63A and R423G mutations on CEL binding to lipid substrates was evaluated by comparing their adsorption to monolayers of 1,2-diolein at the argon-buffer interface. For these experiments, the enzymes were inactivated by radiolabeling with [ 3 H]diisofluorophosphate to prevent hydrolysis of the lipid film. The amount of enzyme adsorbed to the lipid monolayer was quantitated based on the amount of radiolabeled enzyme bound to the monolayer when surface pressure of the lipid film reached equilibrium. The results showed that the surface pressure changes were similar with wild type and both mutant forms of CEL (data not shown). However, mutations in either Arg 63 or Arg 423 significantly reduced the maximum amount of CEL adsorbed to the lipid interface by 5-to 8-fold (Fig. 7) . Results of two separate binding isotherm data showed that wild type CEL and the R63A and R423G mutant proteins bound to 1,2-diolein 
DISCUSSION
Previous studies using a chemical modification approach have shown that the modification of arginine residues in CEL abolished its interaction with bile salt (25, 37) . Computer modeling analysis of the CEL structure, based on the structure of Salmon carboxylester lipase, suggested the possible participation of Arg 63 and Arg 423 in this process (26) . However, the x-ray crystal structure of bovine CEL-taurocholate complex failed to show the involvement of arginine residues in CEL-bile salt interaction (22) . Thus, this study was undertaken to further examine the role of Arg 63 and Arg 423 in the structure and function of CEL. Our results showed that mutagenesis of arginine residues 63 and 423 to alanine and glycine, respectively, significantly reduced the bile salt-stimulated cholesteryl ester hydrolytic activity in CEL. The R63A and R423G mutant enzymes not only retained bile salt-independent lysophospholipid hydrolytic activity, but their activity against this substrate was actually higher than that observed for the wild type CEL. These data indicated that the mutations did not result in alteration of the active site domain. More importantly, the results suggested that the arginine residues at positions 63 and 423 are important in modulating bile salt-activated cholesteryl ester hydrolytic activity of CEL. The precise mechanism by which Arg 63 and Arg 423 participate in modulating the bile salt-activated enzyme activity in CEL is unknown at this time. However, our current data indicate that they do not participate directly in interaction with monomeric bile salt. This conclusion is based on the observation of similar circular dichroism spectra for wild type, R63A, and R423G CEL, and that all three proteins displayed similar spectral changes upon the addition of 10 M taurocholate. This bile salt-induced change in circular dichroism spectra is a characteristic of monomeric bile salt binding to specific sites on CEL (31) . Thus, it is more likely that the decrease in hydrolytic activity against cholesteryl esters in bile salt micelles is due to alterations in the positive-charged domain(s) necessary for CEL interaction with negatively charged micelles carrying the cholesteryl ester substrate. This hypothesis is consistent with the crystal structure data obtained by Wang et al. (22) , which showed that Arg 63 and Arg 423 are key residues forming the two parallel rows of positive-charged residues near the active site domain of CEL.
Our data also showed that, despite significant reduction in cholesteryl ester hydrolytic activity, the R63A and R423G mutant CEL actually displayed increased hydrolytic activity against water-soluble substrates such as lysophosphatidylcholine. A possible explanation for this observation is that the mutations induced subtle changes in protein conformation near the active site groove and that this conformational change favors active site accessibility by water-soluble substrates such as lysophosphatidylcholine. A close examination of the location of these residues in the architecture of CEL is consistent with this hypothesis. Coordinates of the bovine CEL have shown a 3 H]diisopropyl fluorophosphate and injected into the aqueous phase supporting 1,2-diolein monolayers prepared at the argon-buffer interface. After the binding of the enzyme reached equilibrium when surface tension reached maximum, the radiolabeled protein adsorbed to the monolayer film was collected for liquid scintillation counting. The amount of protein bound to the lipid film was expressed as pmol/cm 2 .
closed structure for CEL in the absence of bile salt, with the C terminus (residues 575-579) lodged in the active site of the protein (23) . Although the electron density of the lid (residues 113-119) was not apparent in the crystal structure, the missing amino acids could be built into the closed structure by isolating them from the open crystal structure with bile salt (22) and then attaching them to the corresponding amino acids in the closed structure. The modeled lid was then energy-minimized as a subset using the SYBYL program. This model revealed that Arg 63 is hydrogen-bonded to Ser 121 (Lys 121 in the rat sequence) and the neighboring Met 111 forms a hydrogen bond with the C terminus holding the lid in place and covering the C terminus (Fig. 8) . Bile salt binding to the loop domain of CEL would disrupt the hydrogen bonding interaction between Arg 63 and Ser 121 (Lys 121 in the rat sequence), causing the loop to peel back and the C terminus to be freed from the active site (Fig. 8) . This allows substrate accessibility to the hydrophobic pocket erstwhile occupied by the C terminus. The mutation of Arg 63 to Ala 63 would cause similar changes in the CEL structure, disrupting hydrogen bonding between residues 63 and 121, and freeing the C terminus from the active site domain. Likewise, Arg 423 is also located in close proximity to the active site groove, and its mutation to a neutral amino acid residue would abolish hydrogen bonding patterns resulting in peeling back of the loop domain and freeing the C terminus from the active site domain.
The participation of Arg 63 and Arg 423 in intramolecular hydrogen bonding of CEL is supported indirectly by additional experimental evidence presented in the current study. First, both R63A and R423G mutant enzymes were more susceptible to heat inactivation in comparison with the native wild type CEL. Second, less R63A and R423G mutant proteins than wild type CEL were found to be adsorbed to the diolein monolayer even though comparable changes in surface pressure were observed at equilibrium. The first set of results suggested that less energy is required for denaturation of the R63A and R423G mutants compared with the wild type CEL. The latter results further indicated that both mutant enzymes assumed a more relaxed conformation in the lipid film, suggestive of increased surface denaturation of the mutant enzymes. The increased sensitivity to interfacial inactivation of the R63A and R423G mutant enzymes in comparison with the wild type CEL may also explain their inefficiency in cholesteryl ester hydrolysis.
In summary, the current study resolves some of the discrepancies in the literature regarding the involvement of arginine residues in bile salt binding to CEL. Our results are consistent with the x-ray crystallography data, which showed no arginine residues near the bile salt binding site (22) . The data are also consistent with chemical modification results (25, 37) , showing that modifications of arginines, particularly those at residues 63 and 423, indirectly inhibited bile salt activation of the enzyme toward cholesteryl ester hydrolysis. This inhibition is related to the decrease of positive charges necessary for CEL interaction with the negatively charged micelles and/or the increased sensitivity of enzyme denaturation at the lipid surface. Surprisingly, these mutations actually increased lysophospholipase activity of CEL, probably due to disruption of intramolecular hydrogen bonds and increasing the accessibility of the active site domain to this water-soluble substrate.
